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Heat Exchange during Free Movemen$ arocund a Horizontal
Oylinder in Rarefied Air

AKX Rebrov

In this report are given the results obtained during experimental investigating
heat exchange during free movement of air in rarefied space. " Criterial relations
are given for the calculation of heat exshange in a broad range of Gr Pr values,
and in the presence of a substantial temperature jump as well,

At present time reliable generalized dependences for heat exchange at free move-—
ment have been obtained for turbulent conditions and for such conditions of lamie
oary movement, when the thickness of the boundary layer is smll in comparison to
the dimensions of the body,.

The theary of similarity allows to establish, that the determinant oriterion for
heat exchange under conditions of laminery free movement, in the case of negligidly
low effect of inertia forces are the derivatives of <the Grashof and Prandtl Gr Pr
criteria. According to numerous experimental data , at small Gr Pr values (of the
order of 1 and less) the formation of the hydrodynamic end thermal boundary layer
is greatly influenced by the dimensions and form of the body, This characteristic
can take place at small dimensions of the body or at low pressures. The lack of
generally accepted mathematical dependencies calls for special investigation of heat
exchange with consideration of the factars mentionede In this oxperiment is ine
vestigated hoet exchange of a horizontal cylinder in rarefied air, Special attention

is being devoted to the effect on heat exchange of the temperature jump at the
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at the surface of the sample,

Heat exchange of a horizontal cylinder was investigated by Whmkheyw[;] ’
Elenbaas(z], Senftleben[5]. In the experiments by Madden and Firet[4] . Kyte,Medden
and motEJ are presented dats of experiments in rarefied ggses.

The broadest scope is taken up by oriterial dependencies Nu = £ (Gr Pr) obtaine

ed in cporimontl[J anﬂE] In ﬁ.g 1l are given curves corresponding t0 the Senft-

ledben formula \ 2 0.033 (Gr PI)*-III N l
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Equations (2) and (3) are valid in the absence on the surface of a temperature
Jump and slide of effects -~ casused by deep rarefaction,

A comparison of dependences on fig.le does not reveal the effect of rarefactiom
on the laws of hear exchange during free movemeat in a wide range of Gr Pr numbers
if the near=wall rarefaction effects are not substantial,

The authcu[{;]and{?] conduxted experimenss with thin wires with diameter of 0,07,
0,078 and 0,251 mm, The tested species were placed in a hollow under a glass cover
with *limtor of 457 and height of 660 nm, The pressure was changed within limits
of 0,05 mm Hg to one atme The dependensies obtained by these authors can be accep—
ted in the scase when there is no shell effect on the boundary layer, This problem
vas baseless in the reports by[4] ullLS].Since ot low pressure the boundary layer
dimensions can be very great, and the process of heat exchange in a rarefied gas
under real conditions, is on a limited acale , the effect of the walls is & ponib‘-
ility. Under definite comditions, as will be shown below, it may become quits sub-
stantial,

To study the above mentioned charac teristics and establish the boundaries
and nature of the influences of the rarefaction effects , particularly the effect
of the temperature jump, heat excbange was investigated of harizontel cylinders
with diamsters of 1,31 man (made of stainless steel) and 9.9 mm (made of copper) in
a pres—ve range from 0,005 to 130 mm Hg and temperatures of from 50 to 150°C,
The sr- .s were placed in the center of a steel oylinder=shell with di..ttor o
520 ar 1eight of 600 m perallel to bottom and 1id,

The temperature of the cylinders was msasured with the aid of Nichrome=Constan-
tan thermosouples and semiautomatic potentiometer type F2/1, To measure pressures

in the range of 0,001=5 mm Hg wa: used the Mo-leod multirange pressure gage, in

FID-TTeb2-135/142 3




e ————— S

the 5-130 mn Hg range with a shortened U-shaped mercury pressure gage.

When processing the experimental results in ocriterial form the determinant die
mension was the diameter of the cylinder; the physical parameters of the air were
established by the average tsmperature of the ocylinder and shell,

The intensity of heating the sampls wes found with the aid of ammeters of the
0.2 class and F2/1 potentiometer, Heat losses due to emission and heat conduction
acoording to the thermocouple wires were estimated at thorough evacuation of the
system = to pressures of the order of 2105 mm Hg,

On fige2 are given the experimental dependencies Nusf (Gr Pr) for the invest-
igated renges of pressures, The nature of the dependencies has certain qualities,
described in report B] where a partial investigation was made of the problem concer-
ning the effect of rarefaction on heat transfer in space between coaxial cylinders,

Ia the drawimg are shown sectioms, where the value Nu does practically not de-
pend upon the derivative GrPr (for samples with diameter of 9.9 mm at Gr Pr =10-le5
- 10"%, with diameter of 1,31 mm at O Pr = 1075 = 1076), Tis indicates a reduct -
ion in the effect of free movemens on the heat exchange because of contraction of
the boundary layer,caused by the reverse currents near the walls of the shell,

In fig.2 are also given data of experiments made by [a] o The absence among
them of the heat exchange condition, close to pure heat conduosion , is explained
by the fact, that for thin wires the dimensions of the boundary layer were small
in comparison to the dimensions of a bell and there was no wall effect,

Following the condition of almost pure heat conduction the sharp drop in heat
exchange is caused by the rise in temperature jump at the wall of the specimen,
The temperature Jun:\boconu substantial at such pressures, wvhen the average length
of molecular free rum becomes compatible with the dimensions of the body, This
phencmenon was investigated bytI] [0] and others.
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At greater rarefactioms the effect of the

‘;N'U , 1 | i A j’_/_i * temperature jump leads to a sharp scatter-
I; | | i — “"j/ ____' : ing of dependence points Nu = ¢ (G Pr),

'[4 i."g,jﬁ”"w VY/H _— Consequantly , to represent the experimental
A ,,',{_‘, 'ié-:g?’ ] data by a general criterisl equation ons de-

-9 -5 -6 4 -z 0 lglrer terminant GrPr criterion is insufficient,

By examining fig 2 it becomes clear, that

the data of the American 1nvoct:l.gutorl[h]

Fig,2,Experimental data on heat transfer and presented here are well superimposed
of horizontal cylinders in rarefied
air

1,2<-Madden Piret at 4 = 0,07, 0,251 mmy
ts= 65‘1 39le5 = the authoras® at t = 150,and vhere the temperaturs jump has not yet
100, 50°C, 4 = 1,31 mm§ 6,7 =the authors®

2t)t8150. 100°C, d=9,9ams 8=by dependence taken effect. The dependence for that curve
T)e

on ohe curvs, where there is no wall effect

is nonlinear in logarithmic coordinates, IS
oan be expressed in foarm of

My = C ( arpr)? (&)

Here and henceforth Nuy designates the Nusselt criterion for heat exchangs at

free movement in unlimited space; C and n ~variables,synonymously determinable by
the GRPr derivasive,

The dependense for n aceording to experimental results in the range 107<  arrr
£ 10° 1s obtained rectilinear and is expressed by formula

n = 0,14 + 0,015 1g GrPr (5)
In thi '
o Tery Tale C = 0,98 = 0,01 (g GrPr)2 (6)

In this way equation (4) for heat exchange at laminary free movemen$ around
a herizontal cylinder in unlimited space acquires the form of

Mg = (0098 = 0,01 (1g arzr)2] (aeEr) 01A%0.015 lg OB (7)
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The derived formula ies in excellent conformity with the dependencies, presemsed
in fig.l. It can be perfectly well used in the range of 1077 ( GrPrZ 108,

The lower intensity limit of heat exchange at free movemsnt is the transfer of
heat by heat conduction, Analysis of results of experiments by[3] E.]Es] and experi.
ments carried out here allow to state, that for the horizontal cylinder in unlimite
od space or in the absence of shell wall effect such a limit does not come into being
even at vory small GrPr pumbers, |

In limited space at very small GrPr values heat exchange will be determined by
pure heat conductiome In the simpler case, e.gefor two coaxial eylinders of infinite
length, the Nu oriteriem for heat condtzxctioa will be

Mp= Tnd/a, (8)
A is evident , the maximum value c¢f the Nu mumber depends upon the ratio of the
diemeters and has no constant value, This is true also for vertical oylinders. The -
refore the remarks of certain authou[f] about the existence of a limit in Nip num-

ber at heat exchange under conditions of free movemens for a cylinder can be consi-
dered as void of any foundations ,

When calculating heat exchangs by formila (7) are possible errors, the sources
of which are:

a)thermal losses along the axis of the specimen as resuls of its finite length;

b)effect of shell walls on boundary layer;

c)effect of temperature jump at surface of sample;

We shall establish the limits of applicability of this formula,

I? the oylindrical sample is in limited space, the the hecat exchange conditions
for it are somewhat close to the heat exchange sonditions for a sphere, For two

concentric spheres with diameters d; snd 4y the Nup number,determinable by the dia -
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meter of the inner sphere d;, will be found from formla
2

Nagp = —1_-117?2— (9)
within the limit, when ‘11/‘2"’ O.M.r—-) 26

If the redius of the sphere r, is equal to the distance from the axis of the
oylindrical sample to the shell, and the diameter of sphere d; equals the diameter
of the sample, then the value Nup for the cylinder of finite dimensions lies between
the results, obtained by formmlas (8) and (9). This value appears to be the maximum
limis of existance of a free movement around a cylinder in limited space,

Nap ocan be determined exmotly,by solving the problem of heat conduction in boe=
dies of complex form. Mup is found approximately by formula (8) for species with
'x"._ ‘o.ox ( L = length of specimen)

If Nap is known, then the maximum value GrPrqy at which formula (7) is still
applicable, can be found either by fige.2 or directly from formule (7).

The change over into a condition of almost pure heat conduction is quite adbe
rupt, it does not depend, by the way, upon the temperature of the specimen, This
adds a certain definitensss into using the maximum Gr Pr value. At Gr Pr¢ (Gr Pr)p
values the calculation must be conducted by heat conduction formiles. The use of
(7) for these conditions may lead to greater errors,

According to carried out experiments (fige.2) the effect of shell walls can be
considered if Gr Bry 1013 at d43/d; £ 14841072, and also when Gr Pr ?10'5 at
/8L 2:10"3, As 4, was accepted a doubled average distance from the axis of the
specimen to the shell,

The effest of the temperature jump ,as established by expe,iments, may reflect
iteelf in the condition of pure heat condusction as well as in the condition of une
distorted by walls free motion, The determinant criterion for consideration of the

temperature jump is the Knudsen number K = i /4, vwhere 1* - average length of free
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*un of molecules , and A=diameter of the cylinder,
On fige3 in logarithmic coordinates are

given the dependences Nu = £ (X) in accord —

t9Nu ance with experimental results obtained

is / :"/::;f by the author and other reaoarehora&;] .

" // ;{;’/‘fiﬁ The beginnihg of the near-wall rarefac -
Z o tion effect is determined by curve inflec-

fo ‘ . ;:54 — tion points, which for a cylinder with a
2 / ’ 9.9 mm diameter corresponds to a condition

f ? N 2. of almost pure heat conduction (1g &r Pr
2 .3, tig.2), for cylinders of small 4i-

mensions (Madden Piret experimenta) = to

Depend x a gondition of free movement (lg Gr =

and & 2-according to experiments the
author “cd - 91:3 m ang 1.31 m’:y‘ 100 - 7)e In ell instances the indicated ef-

[
C; ¢ & ) according to Madden Piret exe
p‘tilbntl at ds 0.251 ma and O.W =, fect beginl at 1‘ ~ 203. ieteat X 0,02,

= 659
t = 057C, For conditions of heat transfer by heat

conduction at pressures, when the temperature jump at the wall reduced heat exchange

(K \0,02), instead of formula (8) for coaxial cylinders it is easy to obtain

Nu, = 2 - (11

o I (M
25 (d:+1)

mp will designate the Nusselt criterion for heat exchange in the presence of a sub-

stantial temperature jump.

In deriving formula (11) was used an expression for the temperature jump at the

Footncte t0 Page 7eece® The magnitude I for u- vas deter formh obtained

from the dependence in the book by 2._3 7 I = 1563 (10)

wvhere ,‘L- dynntc strength, kgesee/x; p - ossuro in m erage temper
of

ature air, °K,
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surface of a cylinder in form of
ar=(}i ar/ar (12)

Here, according to Konnard(]l

polze 2 _3k-0 (13)
a k+1 4

where a- coefficient of thermal accomodation- walue, characterizing the completeness
of molecular energy exchange on the surface; k = cp/c,. The accomodation coeffleients
on the surface of the cylinder and shell for the sake of simplicity were accepted

es identical,

Having noticed that i/dl = K, and the magnitude 4,/d, + 1 at small 4;4, oan be

considered approximately equal to 1, we can write

Nu, =~ . (14)
In -2 4+ 28K
dl e
Taking into consideration (8) we obtaia
Nu, - 0 l . (15)
-+ 3K
Nu;

To calculate the transfer of heat by l.:eat conduction from a cylinder of finite
dimensions in rarefied air the wvalue m.r is determined for limited space,as was
shown before,

KavanuE.O] obtained a formula in the form of (15), describing heat exchange
of a sphere in a subsonic flow of rarefied air, In making a conclusion he assumed
that the heat,tranmitted from a surface at a temperature ¢, to a gas at a temperatu-
re t), for the oasc of a temperature jump equalling the heat, which would be
trensmitted at a temperature difference of the surface and gas (t, - At)-t; end
absence of temperature jump.

According to Kavanau, beta can be found from experiment, Determined by experimen-

FID=-TT=62-135/1+2 9




tation, beta takes under consideartion the errors from simplifying assumptions during
the derivation of formla (14), These errors can be insignificant,

From formla (15)
1 1

Nu, Nu,

-=BK. (16)

Dependence (16) shown in fig 4 in accordance with experimental results with
copper cylinder (d)=9.9 mm) and with cylinder made of stainless steel (d;>1,31 mm),

The value Muy was accepted for both instances according to the curve on fig.2.

—
] /

L
Jo0r - 12 A
yah 4
20— ——-!-—-~—~ — 8 //
! ° /D
1 -

ol
lg 3 e = 4 ] 4 e —+ .
0 0
0 02 & a5 08 K 0 / 2 K 4 X
1 1

rig.h.Dopondoncu_ﬁp -Er- 2 £ (K)s
1~ for copper cylinder; 2- for stainless steel cylinder

The obtained dependences (functions) are rectilinear; to them correspond values
6 = 3,5 for the copper cylinder and 3,28 for the stainloss steel cylinder, The ex-
pormxital data were processed by the method of the least squarese If the errors in
determining beta ere disregarded, then for the coefficient of accomodation a are obe
tained values of 0,65 and 0,67 respectively.

At very high rarefactions, when the length of the free run will be equal or
greater than the dimensions of the shell, the consept about the temperature jump and

about the transmission of heat by heat conduction, loses its meaning. Heat transfer

FID-TT-62-135/1+2 10
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is realized by free molecules, having no intermediate collisioms. In formla (15)
in this case can be disregarded the first member in the denominator, thus arriving
at a dependence for free molecular heat exchange, This phenomsmon has been well ine

vestigated, The mthematical formulas are applied in courses of molecular-kinesie
thoory of gases,

To calculate heat exchange at a developed laminary free movement with consider
ation of the temperature jump it is advisable to use formla

Nu, =- —
*~ Nu, +BK ' (17)

where Nu, - Nusselt crit;rion. found for free movement from expression (7). The efw
fect of the temperature jump is considered as the second member in the denominator,

Formula (17) is valid for a body of any given form with constant temperature
over the surface, It is obtained easily when investigating heat exchange on the sur-
face in cond:lt:l.on+f rarefaction, when it is necessary to take into consideration
the temperature jump, When K¢ 0,02 formula (17)is brought down to (7), provided the
value % K is disregarded,
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